Manipulation of droplet motion on the free surface of an liquid platform using thermal gradient has been studied. Two distinct motion mechanisms were observed. Droplets that remain spherical are propelled from cold to warm region and those which break up into a sessile lens move in the opposite direction. Driving forces acting on the droplet due to interfacial-tension gradients arising from induced thermal gradients were analyzed using theoretical models. By adopting a liquid platform, limitations associated with previously-reported capillary-based mechanisms, which used chemical/thermally-patterned solid substrates, are overcome to make the proposed scheme suitable for droplet-based bio-chemical lab on chips: minimal droplet temperature fluctuation (<5°C); avoiding droplet-pinning and contact-angle hysteresis allow for higher transport speeds (~4 mm/sec) and no evaporative losses or contaminations.
Introduction
In the recent advent of microfluidics and lab-on-a-chip (LOC) applications, droplet-based systems have gained wide attention; discrete droplet-based devices can overcome drawbacks from continuous flow platforms such as crosscontamination, high pressure/voltage requirement for pumping and increased complexity of fabrication for handling multiple samples 1 , while achieving the advantages of reconfigurability and scalability 2 . Darhuber et al. used chemically patterned solid substrates with integrated heaters to actuate droplets using thermocapillary effect 3 and Sammarco and Burns proposed a pumping mechanism for droplets based on this concept. Thermocapillary motion of drops and bubbles has been studied previously in two major categories; first are bubbles and drops immersed in a second fluid phase and set into motion by thermal gradients maintained in small scale vertical 4 or horizontal 5,6 configurations or in reduced gravity setups to eliminate the effect of buoyancy/gravity effects [7] [8] [9] . Second category includes thermocapillary motion of drops resting on free surfaces. Most studies available on this subject address liquid drops on chemically-treated surfaces of solid substrates. Liquid drops forms a unique contact angle resting on a free surface which is highly dependent on the surface/interfacial tension. Following the publication of their pioneering theoretical work, Broachard et al. studied thermocapillary drift of droplet on hydrophobic model surfaces using experimental methods 10, 11 . Liquid droplets were dispensed on non-wettable surfaces (silanized silicon wafers) with horizontal temperature gradients. They found that the droplets only moved if their size was above a certain critical limit; otherwise they remained pinned to the surface. This critical radius is dependent on the contact angle hysteresis of the surfaces and inversely proportional to the temperature gradient. It should be noted that the maximum velocities only up to 2.5 mm/min (~40 μm/sec) were observed in the direction of decreasing temperature gradients of 0.56°C/mm. In this study a novel approach has been taken to overcome the major shortcomings observed in previously-reported thermocapillary schemes for manipulation of liquid droplets on free surfaces; mainly the limited speed (~μm/sec), high thermal loading (~70°C), surface contamination and evaporative losses that are inevitable consequences of using solid substrates due to droplet pinning, wetting and contact angle hysteresis. Here, a chemically inert and thermally stable liquid platform is used that is immiscible with the droplet liquid phase. Transient thermal gradients are generated using heaters. Droplets are not in direct contact with solid substrates and do not experience heating directly. Transport of droplets has been achieved at much higher speeds compared to conventional schemes by adopting liquid instead of solid surfaces.
Concept and Theory
Two distinct modes of thermocapillary motion were observed for the droplets in a given thermal gradient. Droplets that broke up into a sessile lens (ellipsoidal) got repelled from the heat source, away towards the colder region of the liquid platform; reported in related literature. However, it was also seen that droplets that retain their spherical shape (spherical ball shape) on the free surface get attracted toward the source of heat; i.e. they migrate up the temperature gradient (figure 1). This mode of motion has not been reported or investigated for drops on free surfaces. In the attraction mechanism, droplets migrate in the direction of the thermal gradient toward the relatively warmer region. Thermodynamically speaking, surface is generated at the hotter end and pulled toward the colder end of the droplet where it vanishes; viscous drag caused by the movement of surfaces drag the surrounding carrier liquid and repels it off the cold end; hence due to the reaction force, the droplet is propelled in the opposite direction (from cold to hot). For an ideally thin interface with zero volume at constant pressure 12 :
s int , σ are entropy and interfacial tension respectively. In a reversible process TdS is the heat dQ that is absorbed. The heat absorbed is proportional to the surface increase (dQ ≈ qdA). Hence, the heat intake per unit area during an isothermal increase in the surface is:
Because dσ/dT is usually negative, increase in surface is associated with heat uptake at interfaces. Therefore, the drop can absorb heat at the hot end and generate excess surface that gets pulled to the colder end where it vanishes keeping total amount of area of the drop constant. In this process, the surrounding liquid is dragged along and repelled off at the cold end of the drop; in reaction, the drop moves in the opposite direction. In the repulsion mode, motion is from warm to cold due to the imbalances in dynamic contact angles and surface/interfacial tensions at the extremities of the sessile droplets. To explain the opposite behaviour of sessile droplets in the three-phase contact line characterized by bi-phasic tensions and contact angles, the following can be written according to Brochard 10 for thermal gradients: 
Results and Discussion
Free-surface thermocapillary drift of liquid droplets on an inert (immiscible) liquid carrier platform was investigated. It was found that temperature fluctuation within the droplets can be limited to a much narrower band by using spatio-temporal thermal gradients instead of using continuous steady spatial gradients reported in pervious studies; for this reason, heaters are temporarily turned on and off. A sudden input of heating power,q 0 , results in a thermal field of the following form (α and k are thermal diffusivity and thermal conductivity of the platform liquid, respectively):
In either case, repulsion or attraction, thermocapillary motion occurred on a rectilinear path coinciding with the direction of greatest thermal gradient; therefore for characterization purposes, the base liquid platform was formed using high-aspect ratio rectangular pockets which were cut in glass, acrylic and copper plates. Tempo-spatial thermal gradients are generated by passing current through ni-chrome wires. Thermocouples along the path of the droplet record the evolution of the thermal field and are used to interpolate the drop temperature based on its position relative to the temperature probes. In figure 3, instantaneous velocity (repulsion mode) and temperature of droplets for variable drop volumes are given, in response to the input of heat flux (with a step profile). Smaller drops achieve higher velocities and move away from high temperature regions quicker; hence temperature fluctuation in these drops is can be greatly suppressed than larger drops. It should be noted that drops smaller than a certain volume get pinned to solid surfaces according to the previous report 11 which is not the case in ours. Figure 4 shows the average drift velocity as a function of droplet volume, which shows down-scaling of droplets could achieve even faster transportation. In conclusion, the use of a free-surface, inert liquid platform and spatio-temporal thermal gradient control for high speed transport of droplets with least thermal fluctuation was demonstrated, which is is well-suited for biological and chemical applications. The open access approach is convenient for easy dispensing and retrieval of samples; in addition it offers potential for rescaling and reconfiguring ability to existing platforms by integrating heaters with appropriate thermal map design. 
